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In recent years, neuroscience-based rehabilitation, also known as  
neurorehabilitation, has been attracting increasing attention worldwide. 
Electroencephalography (EEG) has been widely used in clinical practice as a tool 
for the evaluation and treatment of rehabilitation because of its noninvasive and 
simple measurement of human brain activity. EEG-electromyography coherence 
is a method to analyze the synchronization between the motor cortex and muscle 
activity during movement and to quantitatively assess how the motor cortex 
controls muscle activity. In addition, recent advances in analysis and measure-
ment techniques have made it possible to estimate the source of EEG signals, thus 
serving as a method to evaluate rehabilitation. The brain-machine interface, which 
integrates medicine and engineering, has been widely applied in the treatment of 
rehabilitation and for improving the quality of life. This chapter provides an over-
view of EEG, and its uses as a tool for rehabilitation assessment and treatment.
Keywords: EEG, non-invasive brain function measurement, rehabilitation,  
EEG–EMG coherence, EEG mapping, EEG source imaging, brain-machine interface
1. Introduction
Ever since the first human electroencephalography (EEG) [1] and electro-
myography (EMG) [2] recordings were performed in the 1920s, the theoretical 
aspects, test techniques, and clinical applications of each have rapidly advanced 
[3]. Methods for imaging brain function have appeared one after another over 
the past century beginning with evoked potentials [4] in the 1940s, event-related 
potential [5, 6] and magnetoencephalography (MEG) [7] in the 1960s, positron 
emission tomography (PET) [8, 9] in the 1970s, and functional magnetic resonance 
imaging (fMRI) [10, 11] in the 1990s. Currently, the noninvasive methods available 
for measuring brain function are broadly divided into two categories: electrophysi-
ological examinations and imaging techniques based on hemodynamic principles. 
The former includes EEG, MEG, and transcranial magnetic stimulation (TMS), 
while the latter includes fMRI, PET, single photon emission computed tomography 
(SPECT), and near-infrared spectroscopy (NIRS) [12].
EEG is widely used in rehabilitation as it is well suited to the field’s demands 
for measurement, which includes simple, safe, and portable equipment. In the 
past, EEG has primarily been an analysis method used to capture brain activity 
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accompanying a given phenomenon or during a given task as an electric field and 
subsequently estimates the source of that activity based on the distribution on the 
scalp. In contrast, recent advancements have led to the development of a method 
capable of capturing fluctuations in the power of rhythms in a certain frequency 
band. When this power decreases accompanying a given phenomenon or task, it 
is called event-related desynchronization (ERD). Conversely, when this power 
increases accompanying a given phenomenon or task, it is called event-related 
synchronization (ERS) [13–15]. Thus, electric field analysis is an analysis of the 
temporal domain, while the second method is an analysis of the frequency domain. 
In frequency analysis, ERD is thought to reflect a state of increased cortical activity 
in the region, while ERS is thought to reflect a state of decreased activity or return 
to a low level. This chapter will outline the clinical applications for treatment and 
evaluation of rehabilitation using these features of EEG focusing specifically on 
EEG–EMG coherence, scalp mapping, and brain-machine interface.
2. EEG-EMG coherence
Like brain waves, it has long been known that myoelectric activity—the final 
output of the motor system—is rhythmic. Since a correlation between EEG and 
EMG rhythms was first reported, the concept of EEG–EMG coherence has become 
a field of study attracting much attention [16–18]. As EMG measures the collective 
firing of a motor unit, if rectified such that the positivity or negativity of individual 
spikes is irrelevant, EMG signals are thought to correspond to action potentials of 
spinal motor neurons [19]. At the same time, EEG activity reflects the collective 
activity of neurons, particularly their postsynaptic potential. Therefore, EEG–EMG 
coherence is considered capable of measuring the control of spinal motor neurons 
by the cerebral cortex.
In healthy individuals, EEG–EMG coherence shows a distribution following 
the somatotopy of the primary sensorimotor cortex contralateral to the muscle for 
which myoelectric activity was recorded. Research using MEG has found that the 
source of coherent rhythmic activity can be found in the primary motor cortex 
[20, 21]. Further, peak coherence has been reported to roughly correspond to hot 
spots during TMS [17]. Significant coherence is primarily seen in the β frequency 
band (13–30 Hz) but has also been observed in the lower frequency α band and 
the γ band near 40 Hz. Thus, coherence in these various frequency bands may be 
derived from different mechanisms [22].
Research measuring the time lag between EEG and EMG has found that EEG 
invariably precedes EMG for the β band, yet there is almost no lag for the α band 
[18]. This suggests that the mechanisms of coherence in the α and β bands differ. 
One theory to explain this is that a muscle’s peripheral centrifugal sensory input is 
involved in α band coherence. However, a previous study found that coherence in 
this band was not affected when peripheral sensory input was modified using vibra-
tion stimulation [18]. Thus, it appears that the reason there is no time lag between 
cortical activity and myoelectric activity is that subcortical rhythmic activity con-
tributes to both brain wave rhythms and myoelectric activity. Further, studies have 
found that intensifying muscle contraction changes the coherence peak frequency 
from the β band to the γ band [23, 24]. This γ band coherence is thought to contrib-
ute to the control of myoelectric activity (piper rhythm) at approximately 40 Hz, as 
is seen during strong muscle contraction. Interestingly, the coherence peak does not 
transition smoothly from the β band to the γ band as myoelectric activity changes 
from weak contraction to strong contraction; rather, it shifts in a step-like man-
ner. This suggests that the mechanism involved in coherence in the γ band differs 
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from that of the β band. However, there is no difference between the two frequency 
bands when measuring the time lag between brain activity and myoelectric activ-
ity; brain activity precedes myoelectric activity for both. Accordingly, coherence in 
both of these frequency bands is thought to be involved in centrifugal output from 
the cerebral cortex to spinal motor neurons. This type of coherence is localized to 
the primary sensorimotor cortex contralateral to the muscle. However, subdural 
recordings of patients with intractable epilepsy requiring surgical intervention have 
shown EEG–EMG coherence in other brain areas, such as the premotor cortex and 
supplementary motor cortex [25]. Anatomically, its well known that there are direct 
projections from the premotor cortex and supplementary motor cortex to spinal 
motor neurons [26, 27], suggesting that these brain areas are involved in the control 
of myoelectric activity.
Due to its ability to non-invasively measure frequency-specific coupling of the 
cerebral cortex (specifically the primary motor cortex) and spinal motor neurons, 
clinical applications of EEG–EMG coherence are ongoing and include illuminat-
ing the pathophysiology and evaluation of diseases featuring motor impairment 
or involuntary movement. A relatively slow resting tremor of 3–6 Hz is one of the 
core symptoms of Parkinson’s disease. While the rhythm of these tremors is thought 
to originate in the basal ganglia-thalamo-cortical loop, the mechanism of onset 
remains unknown. One study exploring the EEG–EMG coherence of these resting 
tremors found that primary sensorimotor cortex activity corresponds to the tremors 
[28]. As Parkinson’s disease patients exhibit EEG–EMG coherence at their tremors’ 
peak frequency or double harmonic frequency, stronger coherence is observed 
between 5 and 12 Hz, a range that displays low coherence in healthy individuals. 
At the same time, such patients show reduced coherence in other frequency bands 
(15–60 Hz) [29]. This abnormal coherence pattern has been found to approach 
that of healthy individuals (strong coherence for 15–60 Hz) with the use of deep 
brain stimulation or pharmacotherapy using drugs such as levodopa [30, 31]. Thus, 
the dopaminergic system may influence the occurrence of this coherence. Studies 
also report EEG–EMG coherence features resembling those of resting tremors in 
relation to freezing of gait, a typical gait disorder seen in patients with Parkinson’s 
disease [32, 33]. Accordingly, EEG–EMG coherence is considered widely applicable 
as a tool for evaluating the effects of rehabilitation interventions and elucidating the 
pathology of movement disorders in patients with Parkinson’s disease.
Reduced EEG–EMG coherence has been reported not only in patients with 
Parkinson’s disease, but also in stroke patients and older adults. One study examin-
ing the EEG–EMG coherence of the hemiplegic and non-hemiplegic sides of sub-
cortical infarction patients found that although the EEG and EMG power showed 
similar patterns for both the hemiplegic and non-hemiplegic sides, the coherence 
was significantly lower on the hemiplegic side [34]. This reduced EEG–EMG 
coherence on the hemiplegic side has been shown to improve as the patient’s motor 
function recovers [35], suggesting that this may be a useful biomarker reflecting 
motor function recovery in stroke patients. Meanwhile, EEG–EMG coherence in 
older adults is significantly lower than that in younger individuals and has been 
shown to have a significant correlation with muscle strength [36]. This suggests 
that lower EEG–EMG coherence in older adults may be one factor in the decline in 
strength, motor skills, and coordination that accompanies aging.
3. EEG mapping and source imaging
Interpreting an EEG visually requires experience, but a two-dimensional 
representation of brain electrical activity (topography) is a way to display brain 
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waves more objectively as a planar map of electrical activity on the scalp’s surface. 
Techniques are also being developed to estimate areas of activity within the brain 
from multichannel EEG data obtained from the scalp, thereby increasing the preci-
sion of brain function analysis using EEG.
EEG scalp mapping analyses include spatial analysis (two-dimensional and 
three-dimensional), coherence, and complexity (Ω). As brain waves consist of 
multiple frequencies with different physiological significances, it is vital to per-
form frequency analysis based on a fast Fourier transform (FFT) to consider each 
frequency independently. It is also integral to select the appropriate analysis and 
interpretation with consideration to the items to be evaluated and features of each 
disease using these analysis techniques [37].
A previous study reported the spatial distribution of EEG topography indepen-
dent of electrode placement by epoch and found that the standard topographies of 
various intervals were separated by instantaneous transitions [38]. In other words, 
it was unusual for one shape to slowly change into the next. Different topographies 
are thought to reflect different regions of neural activity and represent different 
stages of information processing. In light of this, dividing brain waves according 
to the temporal similarity of their spatial distribution on the scalp is considered a 
potentially useful method for studying information processing within the brain as it 
changes moment to moment. EEG microstate modeling and analysis was developed 
as a method of microstate segmentation using cluster analysis to determine the 
optimal topography and number of segments from a sequence of brain electrical 
activity corresponding to the characteristics of a mental activity [39]. This method 
is used to efficiently extract data based on the temporal and spatial structure of 
background EEG activity and explore the pathophysiology of brain function in a 
number of diseases [40, 41].
Importantly, a three-dimensional approach is necessary when considering actual 
brain pathology. Estimating the source of brain waves has recently been gain-
ing attention as one approach to three-dimensional EEG analysis. This approach 
can be broadly divided into equivalent dipole estimation methods [42–44] and 
low-resolution brain electromagnetic tomography (LORETA) [45–47], a standard 
method of current density distribution estimation. While there are advantages and 
disadvantages to each, one challenge faced by the former, for which it is essential to 
stipulate the number of sources of activity in advance, is the difficulty of selecting 
which combination of dipoles is valid because different combinations of dipoles 
result in similar scalp distributions (inverse problem). The latter depicts the spread 
of neural activity within the brain in three-dimensional tomography using EEG data 
collected from the scalp based on the hypothesis that adjacent groups of neurons 
have roughly the same activity. Excluding special cases such as epileptic seizures, 
actual brain activity is not limited to one specific area, making this method use-
ful in understanding complex brain activity such as higher brain function. More 
specifically, LORETA excels in primary processing, analyzing raw data to display an 
image, and secondary processing, carrying out statistical analyses to extract maps 
and find differences in current density distributions, and is therefore a form of EEG 
mapping used in diverse branches of neuroscience. As discussed above, LORETA 
estimates a three-dimensional distribution of brain tissue activity from EEG data 
measured on the scalp based on the hypothesis that adjacent neuron groups carry 
out similar activity. In other words, assuming a number of cubic lattices within the 
cerebral parenchyma, this method generates a three-dimensional blurred image of 
the current source by selecting the smoothest option from among combinations of 
three-dimensional current density distributions based on the Laplacian operation. 
Unlike other programs, the initial location value or number of dipoles is not set in 
advance. The operation is relatively simple, and while the resolution is low, the result 
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is not a primitive spherical model, but instead a tomographic image superimposed 
onto Talairach atlas, which can be shown in color and three dimensions (Figure 1) 
[48–50]. LORETA is being improved, and it has recently become possible to evaluate 
functional lagged connectivity and the directionality of that connectivity (isolated 
effective coherence; iCoh) between different areas of the brain.
As demonstrated above, delving deeper into background EEG activity by 
first exploring the time domain using methods such as microstate segmentation, 
then investigating the frequency domain using FFT, and the spatial domain both 
two-dimensionally (topography) and three-dimensionally (equivalent dipole 
estimation, FFT-dipole-approximation, LORETA) has a wide range of clinical 
applications, including elucidating pathological mechanisms and evaluating 
rehabilitation.
4. Brain-machine interface (BMI)
BMI techniques are methods of connecting the exchange of information 
between the external world and the brain using artificial electric circuits to restore 
and supplement its function. In the field of rehabilitation, output-type BMI appli-
cations, which read motor intention from brain activity and use this information 
to operate various devices and computers, are commonly used. Output-type BMI, 
which interprets motor intention from brain activity to operate external equipment, 
is classified into invasive and noninvasive types based on the method by which 
Figure 1. 
Statistical non-parametric maps of LORETA of the alpha band comparing pre-rest and post-rest of hand 
massage (A) and foot massage (B) [48]. White blobs indicate increased activity at post-rest for each massage.
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Figure 2. 
Motor imagery training using neurofeedback, a therapeutic BMI [51]. EEG activity feedback during motor 
imagery (μ band EEG activity in the sensorimotor area) is given using sensory modalities such as vision or 
hearing and the participant is trained to control their own EEG activity.
brain activity is measured. The former uses intracranial or epidural electrodes; the 
latter uses scalp EEG or functional brain imaging techniques. In addition to the 
conventional methods of restoring function using BMI, such as directly operat-
ing a robot arm or environmental control apparatus using brain activity, research 
geared toward therapeutic BMI applications, which utilize BMI for rehabilitation or 
reconstruction of functional neural networks, is also underway.
Neurofeedback is a method of learning to voluntarily control one’s own brain 
activity through the presentation of said activity as real-time sensory information 
(visual, auditory, etc.) (Figure 2) [51]. Neurofeedback requires technology that 
measures brain activity and analyzes the measured data in real time. The technolo-
gies involved in brain signal processing and interpretation are shared with those 
of BMI and, in a broad sense, neurofeedback can be considered a therapeutic form 
of BMI. In fact, EEG-based neurofeedback is widely used as a tool for improving 
motor, cognitive, and psychological functions not only in individuals with diseases, 
but also in healthy individuals ranging from childhood to old age. The delta (<4 Hz), 
theta (4–8 Hz), alpha (8–13 Hz), beta (14–30 Hz), and gamma (>40 Hz) frequency 
bands are most commonly used in evaluation and training [52]. As the functional 
characteristics of each frequency band differ, it is essential to select the appropriate 
frequency band for neurofeedback depending on the pathology of the case or the 
type of function one wishes to improve (Table 1) [53].
Neurofeedback is also gaining popularity as a technique for neuromodulation, 
that is, the regulation of local brain activity. Neurofeedback is considered very safe 
compared to methods such as repetitive transcranial magnetic stimulation (rTMS) 
or transcranial direct current stimulation (tDCS), as it does not use external 
stimulation and therefore avoids the risk of side effects such as seizure or burns that 
occur with rTMS and tDCS. At the same time, output-type BMI has been gaining 
interest in recent years as a tool for supporting the daily activities of persons who 
have difficulty with independent living or spontaneous expression due to disease, 
disability, or aging. Specifically, it will soon become possible to operate a variety of 
assistive devices, including wheel chairs, exoskeletons, drones, and communica-
tion robots using the operator’s EEG signals (Figure 3) [54]. Researchers are also 
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developing and exploring the effectiveness of smart homes that incorporate these 
BMI technologies [55]. Smart homes are equipped with technology that interprets 
the user’s motion intention or emotional state using methods such as EEG, which 
can easily measure brain activity with no special training or burden on the user. 
Specifically, smart homes assist with daily life by measuring the brain activity that 
occurs when the user naturally moves their body accompanying a motion intention, 
for example, to operate the television or air conditioner, recognizing what kind of 
motion intention is occurring, and manipulating the environment in accordance 
with the user’s intention. They may also detect when the user is feeling discom-
fort and modify the environment accordingly using technology that captures an 
Protocol Purpose
↓ theta Cognitive training after stroke;
Cognitive training of healthy adults with a risk for neurodegenerative 
disorder.
↑ theta Aiming to increase capabilities of executive functions on healthy students;
Memory consolidation training.
↑ theta, ↓ alpha Relaxation training;
Training to improve creative performance (playing music, dancing), effects 
on mood.
↓ alpha Attentional training;
Frontal alpha-asymmetry self-regulation training to influence mood;
Training for increased motor performance.
↑ alpha; Training to reduce anxiety;
Training to improve cognitive performance;
Relaxation training for stress reduction.
↑ high alpha Training to improve cognitive performance.
↑ SMR (12-15 Hz) Training to decrease epileptic seizures;
Training to improve declarative learning and sleeping pattern;
Training to improve cognition and memory in stroke patients;
Training to enhance golf putting.
↑ SMR, ↓ theta Training to optimize microsurgical skills;
Training to minimize ADHD symptoms on a healthy population.
↑ SMR, ↓ theta, ↓ high beta Training to improve cognitive performance;
Training to improve Asperger’s syndrome and autistic spectrum disorder 
symptoms.
↑ low beta Training to improve cognitive performance;
Training to modulate sleep spindle activity and overnight memory 
consolidation.
↑ beta, ↓ theta Typical training for improvement of ADHD symptoms.
↑ beta, ↓ theta, ↓ low alpha Training of attention.
↑ gamma Training of cognitive control;
Training of memory and intelligence.
Table 1. 
An overview of already used protocols of frequency EEG-neurofeedback training with the references to 
exemplary studies and their main therapeutic purpose [53].
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emotional state (discomfort) by measuring and analyzing the user’s brain activity. 
This information can further be communicated to family members or caregivers 
to allow them to provide assistance based on the user’s emotional state. In addition 
to the above, it is also possible to assist a user’s own actions in a standard living 
environment using BMI actuation technology that moves an exoskeleton-type robot 
actuator linked to brain activity [54, 55]. It is hoped that such BMI technologies will 
increase communication in a variety of settings and create an environment where 
people can continue to live independent fulfilled lives.
5. Conclusion
The development of brain function imaging techniques has led to a new under-
standing of previously unexplained brain functions as well as the creation of clini-
cal applications, scientific techniques, and assistive devices based on these findings. 
Elucidation of brain function fully utilizing the advantages of EEG is expected to 
continue as high definition EEG and accompanying analysis methods become more 
advanced. EEG is also advantageous in that it is relatively easy to record simultane-
ously with other methods of brain function measurement. Therefore, it is impera-
tive that we do not simply interpret pathology and brain function using EEG results 
Figure 3. 
EEG-based BMI for assisting with daily activities and improving quality of life [54].
9
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alone but gain a comprehensive picture of the brain’s physiological function and 
dysfunction through the simultaneous use of multiple methods of brain function 
measurement and by capturing various clinical parameters in a multidimensional 
manner.
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